INTRODUCTION
============

The eye is a delicate sensory organ that captures visible light and converts it into sensory inputs which are processed in the retina and the central nervous system, giving rise to vision. Due to its external location, the eye is prone to damage by drying, harsh environmental condition, microbes as well as man-made injuries. Chemical/drug exposure to the eye can occur at the workplace/household, from the environment and also from chemicals intended to be used in the eye like cosmetics, opthamological drugs and so on. For this reason it is imperative to test chemicals for ocular irritation potential before commercialization. However, systemic absorption of the chemical/drug through ocular routes has not been well explored.

The eye is a highly vascularized organ. Any chemical on prolonged exposure can enter the blood stream via the eye and cause harm to other organs in the body. Studies have shown that a drug applied topically to the eye shows only minimal absorption (2\~10%) due to the presence of natural barriers in the eye [@B001]. This can be extrapolated to any chemical/drug that come in contact with the eye. The remainder of drug/chemical can enter the systemic circulation through the extensive network of conjunctival blood vessels and also via the nasolacrimal duct through the highly vascularized nasal mucosa [@B002],[@B003]. Exposure via this route also evades first pass metabolism and hence a large amount of chemical/drug will be present in the plasma. On top of that, reports suggest that systemic absorption is greater in case of inflamed eyes [@B004], which maybe due to the congestion of blood vessels and leaky vasculature of the compromised eye. Once these chemicals enter the eyes, they can damage various organs like liver, spleen, kidney, brain and so on. Hence ocular irritant chemicals pose additional threat of inducing dangerous and unforeseen systemic side-effects.

In this study, rabbit eyes were exposed to 5 known ocular irritants - 1) Cetyl pyridinium chloride (CPC), 2) Sodium Salicylate (SS), 3) Imidazole (IMI), 4) Acetaminophen (ACT) and Nicotinamide (NIC) repeatedly over a period of 7 days. Their ability to elicit inflammatory response in the eyes, modulates the blood parameters, affects spleenocyte proliferation and increases oxidative stress in liver and brain were assessed.

MATERIALS AND METHODS
=====================

***Chemicals and reagents.*** CPC (Sigma), SS (Sigma), IMI (Merck), ACT (Sigma), NIC (Sigma), Rabbit IL-1β, IL-1α, IL-8 and TNF-α ELISA kits (Cusabio, China). Thiobarbituric acid (TBA), reduced glutathione (GSH), oxidized glutathione (GSSG), and dithio-bis-2-nitrobenzoic acid (DTNB) were purchased from Sigma Chemical Co., St. Louis, MO, USA. Pyrogallol (PG), Diethylene triamine penta acetic acid (DTPA), Trichloro acetic acid (TCA) and other chemicals and reagents used were of analytical grade.

***Experimental animals.*** Studies were carried out using New Zealand white rabbits, procured from the Division of Laboratory Animal Sciences (DLAS), of Sree Chitra Tirunal Institute for Medical Sciences and Technology. Animals of both the sex were used for the study. They were housed in controlled environments (temperature - 22 ± 3℃; humidity -50 to 70%), fed with standard feed and free access to water and a 12 hr light and dark cycle was maintained. This study conformed to the guiding principles of Institutional Animal Ethics Committee (IAEC), Committee for the purpose of Control and Supervision of Experiments on Animals (CPC-SEA) and the Guide for the care and use of laboratory animals.

***Exposure to ocular irritant chemicals.*** A total number of 15 animals, of both the sexes, were used for the study. Three animals per chemical were assigned. The right eye was exposed to known ocular irritant chemicals - CPC (15 mg/mL/day), SS (15 mg/mL/day), IMI (15 mg/mL/day), ACT (40 mg/mL/day) and NIC (40 mg/mL/day). The dose was determined based on *in vitro* tests (data not shown) where the dose at which cytotoxicity was evident in rabbit primary corneal cells was chosen. The chemicals were made up in physiological saline. The ocular irritant chemicals were applied to the right eye by administering them in the conjunctival sac. The left eye remained untreated and served as control (for scoring purpose and histopathology). For cytokine analysis, haematological and biochemical parameters and antioxidant assay, animals that were untreated were used as controls. The animals were exposed to the chemicals for a period of 7 days. At the end of the 7^th^ day, the animals were kept for observation for 72 hr. A score from 0-3 (3-being the most severe) was given to eyes of each animal as per Draize test [@B005]. Blood was collected from them at the end of the experimental period and analyzed for haematological and biochemical parameters. Then they were sacrificed by administering high dose of thiopentone through the marginal ear vein and eyes, spleen, liver and brain were collected for different experiments.

***Histopathology.*** Eyes from the treated animals (test and control) were enucleated from each group and preserved in Davidson's fluid. The preserved eyes were processed for histopathological analysis. The eyes were stained using Hematoxylin & Eosin staining and observed under the microscope to examine corneal thickening, macrophage infiltration, congestion of blood vessels etc, which are signs of inflammatory response.

**Cytokine analysis.**

***Preparation of homogenate:*** The corneas were retrieved and 5 mL of phosphate buffered saline (pH-7.4) was added. They were homogenized under cold conditions using polytron homogenizer. The homogenate was then centrifuged at 12000 rpm for 30 min at 4℃. Supernatant was collected and used for ELISA assay. Corneas that were collected from untreated rabbits served as control.

Analysis of cytokines IL-1β, IL-1α, IL-8 and TNF-α using ELISA assay was carried out following the manufacturer's instructions. Briefly, 100 μL of the sample was added to the wells and incubated for 2 hr at 37℃. After incubation, the liquid was removed and 100 μL of Biotin-Antibody (1X) was added to each well. It was incubated for 1 hr at 37℃. Supernatant was aspirated and was washed with wash buffer. After that, 100 μL HRP-Avidin (1X) was added to each well and incubated further for 1 hr at 37℃. Following this, supernatant was discarded and wells were washed 5 times in was buffer. 90 μL of TMB substrate was added and incubated in the dark for 15\~30 min. The reaction was stopped by adding 50 μL stop solution and read at 450 nm spectrophotometrically (Labtech LT-4000 microplate reader). Triplicates of each samples were run. Concentration was estimated using standard curve of each cytokine.

***Hematological and biochemical parameters.*** Blood was collected from the ear vein of rabbits (treated and control) into collecting tubes. The blood was collected in EDTA for analyzing hematological parameters such as hemoglobin concentration (HB), total erythrocyte count (RBC), white blood cell count (WBC), Platelet (PLT), mean corpuscular volume (MCV), mean corpuscular haemoglobin (MCH) and mean corpuscular haemoglobin concentration (MCHC). This was determined using hematology counter (Vet animal blood counter, USA).

Similarly, blood was collected in vacutainers without anticoagulant; serum was separated by centrifugation at 3000 rpm for biochemical estimation. Biochemical parameters such as Alkaline phosphatase (ALP), Aspartate transaminase (AST), Alanine trasnsaminase (AST), Gamma glutamyl transferase (GGT), uric acid, calcium, phosphorous, chlorides and creatinine were estimated using ERBA XL 300 Biochemical Fully automated analyzer (Erba Mannheim, Germany).

***Spleenocyte proliferation assay.*** Proliferation of ocular irritant treated spleen was examined by estimating the incorporation of \[^3^H\]thymidine. Spleenocytes from the spleen of rabbits treated with the ocular irritant chemicals were isolated using histopaque (Sigma, USA) and cultured in RPMI 1640 (Himedia, India) supplemented with 10% FBS (Invitrogen, USA). Cells were seeded onto 96 well plates at a cell density of 2 × 10^5^ cells per well and kept in 37℃ at 5% CO~2~. After 48 hr, 0.5 μCi of \[^3^H\]thymidine was added per well. Cells were harvested at 72 hr and radioactivity was measured in cpm using scintillation counter (Hidex, Finland). Data is reported as mean cpm of triplicate samples. Spleens from untreated rabbits were used as control.

**Antioxidant enzyme assay of liver and brain.**

***Preparation of liver and brain homogenate:*** Liver and brain from the rabbits used for the sub acute ocular irritation study was collected. 10% liver and brain homogenate was prepared in phosphate buffered saline (PBS) and thereafter subjected to centrifugation at 3500 rpm for 10 min at 4℃. The resultant supernatants were maintained in an ice bath until used for the estimation of total protein, lipid peroxidation (LPO), glutathione reductase (GR), reduced glutathione (GSH), glutathione peroxidase (GPx) and superoxide dismutase (SOD) using standard protocols with slight modifications. Liver and brain from untreated rabbits served as control.

***Total protein:*** Total proteins in the liver and brain homogenates of rabbits exposed to ocular irritant chemicals were estimated by the method of Lowry *et al*. [@B006] using bovine serum albumin as standard.

***LPO:*** The extent of LPO in the above prepared liver and brain homogenate was determined by estimating the concentration of malondialdehyde (MDA), which is a secondary product of LPO. The protocol, as described by OkhawaMatsumoto and Fridovich [@B007], uses thiobarbituric acid (TBA) which reacts with thiobarbituric acid reactive substrates (TBARS) like MDA to form a pink coloured product which is measured at 532 nm. The concentration is expressed in nmol/mg protein.

***GSH:*** The level of GSH in the 10% liver and brain homogenate was determined by the method of Moron *et al*. [@B008], with slight modifications, in which Ellman's reagent or DTNB (5, 5\'-dithiobis-(2-nitrobenzoic acid) reacts with GSH to form a spectrophotometrically detectable, yellow coloured product at 412 nm. The change in absorbance is a linear function of the GSH concentration in the reaction mixture and is based on the reaction of GSH with DTNB to give GSH-TNB, a compound that absorbs at 412 nm. The amount of GSH was expressed as nmol/mg protein.

***GR:*** GR activity in liver and brain homogenate was determined by measuring the reduction of GSSG in the presence of NADPH as described by Mize and Langdon [@B009]. Briefly, this assay measures the rate of NADPH oxidation to NADP^+^, which is accompanied by a decrease in absorbance at 340 nm. Thus, one GR unit is defined as the reduction of one μM of GSSG per minute at 25℃ and pH 7.6. Enzyme activity is measured in units/mg protein.

***GPx:*** Activity of GPX in liver and brain homogenate was assayed by the method described by Rotruck [@B010]. The remaining GSH after the enzyme catalyzed reaction complexes with DTNB, which absorbs at maximum wavelength of 412 nm. Enzyme activity was expressed as μg of GSH consumed/min/mg protein.

***SOD:*** Assay of SOD was done in liver and brain tissue homogenate using modified pyrogallol autooxidation method [@B011] and is spectrophotometrically measured at 420 nm.

All measurements were carried out using Lambda 25, UV/Vis spectrophotometer, Perkin Elmer, USA.

***Statistical analysis.*** All experiments were repeated thrice and all data are presented as the mean with the standard deviation (mean ± SD). Significance has been calculated using Student's t-test. \* denotes a statistical significance (*p* value \* ≤ 0.05) with respect to control.

RESULTS
=======

***Scoring.*** The treated right eye and the control left eye were scored based on severity from 0-3, where 3 were assigned most severe. It can be seen that prolonged treatment caused swelling in the cornea. Redness, chemosis and discharge from the conjunctiva was evident. This is shown in [Table 1](#T001){ref-type="table"}.

###### *In vivo* scoring of rabbit eyes, after exposure to ocular irritant chemicals (sub acute)

  ------------ ------------------- --------- ----- ---- ----- ----- -----
                                   Control   CPC   SS   IMI   ACT   NIC
                                                                    
  Cornea       Degree of opacity   0         0     1    0     0     0
               Area of cornea      0         3     3    2     2     2
  Iris                             0         2     2    1     2     2
  Conjuctiva   Redness             0         3     3    2     2     2
               Chemosis            0         2     2    2     2     2
               Discharge           0         3     2    2     1     2
  ------------ ------------------- --------- ----- ---- ----- ----- -----

CPC: Cetyl pyridinium chloride, SS: Sodium Salicylate, IMI: Imidazole ACT: Acetaminophen, NIC: Nicotinamide. All values are Mean ± SD, n = 3.

0: normal, 1: slight, 2: moderate, 3: severe.

**Histopathology.** Histopathological analysis of eyes of rabbits treated with CPC showed an oedematous cornea with macrophage and neutrophil infiltration ([Fig. 1](#F001){ref-type="fig"}B). There was also acute inflammation and congestion of blood vessels in the ciliary body of the eye, with respect to control. From [Fig. 1](#F001){ref-type="fig"}C, it was seen that the cornea had increased in size in comparison to control, due to oedema, in SS treated animals. Mild acute inflammation of the ciliary body was also noticed.The eyes of rabbits treated with IMI did not show any significant signs of inflammation in the cornea ([Fig. 1](#F001){ref-type="fig"}D). But ciliary body showed congested blood vessels, which can be an indication of inflammation. Rabbits treated with ACT showed an odematous cornea when compared with control, as evident from [Fig. 1](#F001){ref-type="fig"}E. However, mild acute inflammation was noticed in the ciliary body of the exposed animals. NIC treated rabbits showed oedema in the cornea, when compared to control, as seen in [Fig. 1](#F001){ref-type="fig"}F. There was acute inflammation in the ciliary body, which was clear from the infiltration of macrophages and neutrophils.

![Histopathology of cornea using H&E staining. (A) Control (B) Cetyl Pyridinum Chloride (CPC), arrow indicates macrophage infiltration (C) Sodium Salicylate (SS) (D) Imidazole (IMI) (E) Acetaminophen (ACT) (F) Nicotinamide (NIC), arrow indicates macrophage infiltration.](toxicr-31-49-g001){#F001}

***Cytokine analysis.*** The production of IL-1α, IL-1β, IL-8 and TNF-α, in rabbit cornea, after treatment for 7 days with CPC, SS, IMI, ACT and NIC are shown in [Fig. 2](#F002){ref-type="fig"}. In [Fig. 2](#F002){ref-type="fig"}A, it can be clearly seen that CPC (0.166 ± 0.01 pg/mL), SS (0.156 ± 0.01 pg/mL), ACT (0.163 ± 0.007 pg/mL) and NIC (0.149 ± 0.01 pg/mL) induced a significant increase in the production of IL-1α in comparison with control (0.130 ± 0.01 pg/mL). IMI (0.143 ± 0.01 pg/mL) also showed a minor increase in IL-1α when compared to control, but it was statistically insignificant. It was seen that IL-1β production was significantly stimulated in the cornea of rabbits treated with ocular irritant chemicals, when evaluated with control ([Fig. 2](#F002){ref-type="fig"}B). CPC (34.77 ± 0.02 pg/mL) showed the most increased production with respect to control (15.02 ± 0.002 pg/mL). IMI (20.73 ± 0.007 pg/mL) treated corneas, even though showed slight alteration with that of control, was found to be statistically insignificant. There was a marked increase in IL-8, a chemotactic factor, in the cornea of rabbits treated with the different ocular irritant chemicals, with respect to control (Control: 0.098 ± 0.003; CPC: 0.11 ± 0.007; SS: 0.121 ± 0.005; IMI: 0.112 ± 0.005; ACT: 0.113 ± 0.003 and NIC: 0.105 ± 0.002). This was found to be statistically significant when compared with control, except for IMI treated corneas. This is illustrated in [Fig. 2](#F002){ref-type="fig"}C. TNF-α, showed a noticeable increase in production, as evident in [Fig. 2](#F002){ref-type="fig"}D, in the rabbit cornea that were treated with CPC (1.88 ± 0.02 pg/mL), SS (1.96 ± 0.01 pg/mL), NIC (1.70 ± 0.01 pg/mL) and ACT (1.80 ± 0.02 pg/mL) with regards to control (1.31 ± 0.01 pg/mL). However, IMI (1.57 ± 0.01 pg/mL) treated animals showed statistically insignificant variation in comparison to control.

![Cytokine production in rabbit cornea treated with ocular irritant chemicals (Sub acute). CPC- Cetyl Pyridinum Chloride, SS-Sodium Salicylate, IMI- Imidazole, ACT- Acetaminophen and NIC- Nicotinamide. (A) IL-1α production (B) IL-1β production (C) IL-8 production (D) TNF-α production. \* Denotes *p* ≤ 0.05. n = 3.](toxicr-31-49-g002){#F002}

***Hematological and Biochemical parameter.*** Blood collected from the rabbits after sub acute exposure to ocular irritant chemicals was subjected to hematological and biochemical parameters. HB showed a slight decrease when compared to control. However, they are within the normal range. From the rest of the hematological parameters (WBC, RBC, PLT, MCV, MCH and MCHC) shown in [Table 2](#T002){ref-type="table"}, it can be seen that there are slight variations in the values when compared with control but was within the normal range. They were also statistically not insignificant.

###### Hematological parameter of rabbits treated with ocular irritant chemicals (sub acute)

  ------------------- ---------------- ----------------- ----------------- ---------------- ---------------- -----------------
  Parameters          Control          CPC               SS                IMI              ACT              NIC
                                                                                                             
  HB (g/dL)           15.05 ± 2.62     12.00 ± 0.87      13.13 ± 0.59      12.90 ± 0.57     13.47 ± 1.19     13.27 ± 1.27
  WBC × 10^3^/mm^3^   5.70 ± 1.41      6.27 ± 1.57       5.73 ± 2.52       8.05 ± 2.19      4.17 ± 1.93      6.07 ± 2.99
  RBC × 10^6^/mm^3^   7.08 ± 1.12      5.78 ± 0.25       5.97 ± 0.48       5.97 ± 0.36      6.21 ± 0.68      6.40 ± 0.79
  PLT                 229.00 ± 26.87   552.00 ± 378.71   339.46 ± 289.35   495.5 ± 238.29   316.33 ± 65.58   335.59 ± 291.77
  MCV (μm^3^)         69.50 ± 0.71     65.87 ± 1.83      69.60 ± 3.12      68.20 ± 0.84     68.00 ± 1.35     66.67 ± 2.87
  MCH (pg)            21.70 ± 0.28     20.73 ± 0.55      22.07 ± 1.17      21.55 ± 0.35     21.70 ± 0.61     20.77 ± 0.76
  MCHC (g/dL)         31.10 ± 0.14     31.50 ± 0.10      31.70 ± 0.44      31.60 ± 0.01     31.87 ± 0.50     31.20 ± 0.17
  ------------------- ---------------- ----------------- ----------------- ---------------- ---------------- -----------------

CPC: Cetyl pyridinium chloride, SS: Sodium Salicylate, IMI: Imidazole ACT: Acetaminophen, NIC: Nicotinamide.

All values are Mean ± SD, n = 3.

Biochemical parameters (SGPT, SGOT, ALP, GGT, uric acid, bilirubin, calcium, phosphorous, chlorides and creatinine) are shown in [Table 3](#T003){ref-type="table"}. There was a slight decrease in uric acid levels when compared with that of control. SGPT levels were also slightly elevated than control. However, both uric acid and SGPT alteration was not statistically significant. There are variations seen in the rest of the parameters of the treated group when compared to control, but are not significant and fall within the normal range.

###### Biochemical parameter of rabbits treated with ocular irritant chemicals (sub acute)

  --------------------- -------------- ---------------- --------------- ---------------- ---------------- ----------------
  Parameters            Control        CPC              SS              IMI              ACT              NIC
                                                                                                          
  AST (IU/L)            44.00 ± 3.53   74.43 ± 21.60    99.16 ± 16.46   106.03 ± 18.33   103.93 ± 20.11   111.96 ± 13.47
  ALT (IU/L)            21.30 ± 1.41   18.20 ± 3.47     18.06 ± 4.82    17.70 ± 0.95     23.53 ± 5.11     16.66 ± 3.84
  ALP (IU/L)            61.00 ± 2.82   108.66 ± 37.52   72.33 ± 50.33   102.00 ± 56.78   64.33 ± 9.71     89.66 ± 39.31
  GGT (IU/L)            10.85 ± 0.77   6.13 ± 5.82      11.83 ± 2.97    11.26 ± 1.71     5.36 ± 1.12      8.20 ± 3.11
  Uric acid (mg/dL)     2.53 ± 3.06    0.50 ± 0.54      0.11 ± 0.16     0.05 ± 0.09      0.68 ± 0.72      0.72 ± 0.01
  Calcium (mg/dL)       13.40 ± 0.14   12.76 ± 0.50     13.86 ± 2.04    13.00 ± 0.78     13.20 ± 0.61     13.13 ± 0.11
  Phosphorous (mg/dL)   3.43 ± 0.17    4.72 ± 0.78      4.96 ± 0.38     4.87 ± 0.69      4.92 ± 0.07      4.76 ± 0.27
  Chlorides (mmol/L)    104.3 ± 9.33   112.3 ± 3.60     108.7 ± 3.43    115.4 ± 3.72     112.36 ± 2.35    110.7 ± 1.58
  Creatinine (mg/dL)    1.22 ± 0.24    0.97 ± 0.12      1.35 ± 0.70     1.146 ± 0.08     1.12 ± 0.13      1.04 ± 0.07
  --------------------- -------------- ---------------- --------------- ---------------- ---------------- ----------------

CPC: Cetyl pyridinium chloride, SS: Sodium Salicylate, IMI: Imidazole ACT: Acetaminophen, NIC: Nicotinamide.

All values are Mean ± SD, n = 3.

***Spleenocyte proliferation assay.*** It is seen from [Fig. 3](#F003){ref-type="fig"}, that the spleenocyte proliferation has some variation in the animals that were treated with the ocular irritant chemicals, when compared to control. However, since it is statistically in significant, it is safe to assume that the ocular irritant chemicals did not affect the spleenocyte proliferation capacity.

![Spleenocyte proliferation in rabbits treated with ocular irritant chemicals (Sub acute). CPC- Cetyl Pyridinum Chloride, SS-Sodium Salicylate, IMI- Imidazole, ACT- Acetaminophen and NIC- Nicotinamide. n = 3.](toxicr-31-49-g003){#F003}

**Antioxidant enzyme assay.**

***LPO:*** The liver of rabbits treated for 7 days with ocular irritant chemicals did not show any significant increase in LPO in comparison to control, as seen in [Fig. 4](#F004){ref-type="fig"}A. MDA concentration in control was 2.98 ± 0.84 nmol/mg protein, whereas values of CPC, SS, IMI, ACT and NIC were as follows: 3.77 ± 0.38, 3.96 ± 0.51, 4.03 ± 0.12, 4.55 ± 0.14 and 4.01 ± 0.65 nmol/mg protein respectively.

![Lipid peroxidation (LPO) in rabbits treated with ocular irrirant chemicals (Sub acute). CPC- Cetyl Pyridinum Chloride, SS- Sodium Salicylate, IMI- Imidazole, ACT- Acetaminophen and NIC- Nicotinamide. (A) LPO in liver and (B) LPO in brain. n = 3.](toxicr-31-49-g004){#F004}

Rabbit exposed to ocular irritant chemicals in the eyes showed slight increase in LPO in the brain (CPC: 10.22 ± 2.02, SS: 15.53 ± 5.10, IMI: 8.98 ± 2.22, ACT:10.10 ± 0.71 and NIC: 12.61 ± 2.74 nmol/mg protein), which was insignificant, when compared to control (8.89 ± 0.45 nmol/mg protein). This is depicted in [Fig. 4](#F004){ref-type="fig"}B.

***GSH:*** GSH concentration in the liver of rabbits treated with CPC (1.53 ± 0.44 nmol/mg protein), SS (1.57 ± 0.66 nmo/mg protein), IMI (1.40 ± 0.19 nmol/mg protein), ACT (1.25 ± 0.41 nmol/mg protein) and NIC (1.22 ± 0.43 nmol/mg protein) were statistically insignificant, when compared with control (1.61 ± 0.15 nmol/mg protein). This is shown in [Fig. 5](#F005){ref-type="fig"}A.

![Concentration of reduced Glutathione (GSH) in rabbits treated with ocular irritant chemicals (Sub acute). CPC- Cetyl Pyridinum Chloride, SS- Sodium Salicylate, IMI- Imidazole, ACT- Acetaminophen and NIC- Nicotinamide. (A) GSH in liver (B) GSH in brain. n = 3.](toxicr-31-49-g005){#F005}

Concentration of GSH in the brain homogenate of treated rabbits is shown in [Fig. 5](#F005){ref-type="fig"}B. Though there is a slight decrease in GSH levels with respect to control (Control - 0.42 ± 0.1, CPC - 0.47 ± 0.22, SS - 0.41 ± 0.03, IMI - 0.3 ± 0.10, ACT - 0.25 ± 0.12 and NIC - 0.23 ± 0.18 nmol/mg protein) it still remains statistically insignificant.

***GR:*** The activity of GR in the liver ([Fig. 6](#F006){ref-type="fig"}A) and brain ([Fig. 6](#F006){ref-type="fig"}B) of animals exposed to ocular irritant chemicals showed slight variations with regards to control. However, both in liver and brain, it was statistically insignificant. Control (liver - 0.26 ± 0.11; brain - 0.49 ± 0.08), CPC (liver - 0.21 ± 0.05; brain - 0.63 ± 0.05 units/mg protein), SS (liver - 0.17 ± 0.03; brain - 0.45 ± 0.08 units/mg protein), IMI (liver - 0.16 ± 0.004; brain - 0.46 ± 0.08 units/mg protein), ACT (liver - 0.28 ± 0.05; brain - 0.41 ± 0.8 units/mg protein) and NIC (liver - 0.26 ± 0.03; brain - 0.26 ± 0.09 units/mg protein).

![Activity of Glutathione reductase (GR) in rabbits treated with ocular irritant chemicals (Sub acute). CPC- Cetyl Pyridinum Chloride, SS- Sodium Salicylate, IMI- Imidazole, ACT- Acetaminophen and NIC- Nicotinamide. (A) GR activity in liver (B) GR activity in brain. n = 3.](toxicr-31-49-g006){#F006}

***GPx:*** Liver homogenates treated with CPC (0.15 ± 0.04), SS (0.13 ± 0.005), IMI (0.16 ± 0.01), ACT (0.15 ± 0.01) and NIC (0.13 ± 0.004) was almost similar to that of control (0.14 ± 0.002) value. This is shown in [Fig. 7](#F007){ref-type="fig"}A. All the values are expressed in units/mg protein.

![Activity of Glutathione peroxidase (GPx) in rabbits treated with ocular irritant chemicals (Sub acute). CPC- Cetyl Pyridinum Chloride, SS- Sodium Salicylate, IMI- Imidazole, ACT- Acetaminophen and NIC- Nicotinamide. (A) GPx activity in liver (B) GPx activity in brain. n = 3.](toxicr-31-49-g007){#F007}

It is seen in [Fig. 7](#F007){ref-type="fig"}B that in brain homogenates as well, the GPx activity was not significant in the treated group (CPC - 0.15 ± 0.04, SS - 0.14 ± 0.01, IMI - 0.12 ± 0.01, ACT - 0.13 ± 0.02 and NIC - 0.12 ± 0.04 units/mg protein) even though there were slight alteration when compared to control (0.17 ± 0.002 units/mg protein).

***SOD:*** From [Fig. 8](#F008){ref-type="fig"}A, it can be seen that the SOD activity in the liver homogenate of ocular irritant exposed animals (CPC - 0.08 ± 0.005, SS - 0.08 ± 0.004, IMI - 0.06 ± 0.003, ACT - 0.08 ± 0.007 and NIC - 0.08 ± 0.01 units/mg protein) were similar to that of control (0.11 ± 0.008 units/mg protein).

![Activity of Superoxide dismutase (SOD) in rabbits treated with ocular irritant chemicals (Sub acute). CPC- Cetyl Pyridinum Chloride, SS- Sodium Salicylate, IMI- Imidazole, ACT- Acetaminophen and NIC- Nicotinamide. (A) SOD activity in liver (B) SOD activity in brain. n = 3.](toxicr-31-49-g008){#F008}

SOD activity in the brain of treated animals (CPC -0.19 ± 0.01, SS - 0.17 ± 0.02, IMI - 0.14 ± 0.07, ACT - 0.21 ± 0.001 and NIC - 0.19 ± 0.01 units/mg protein) was comparable with that of control (0.21 ± 0.01 units/mg protein) as shown in [Fig. 8](#F008){ref-type="fig"}B.

DISCUSSION
==========

Due to the external location of the eye, it encounters various harsh environmental abuses, microbes as well as manmade injuries. It is well protected by barriers like conjuctiva, tear, cornea, which keep the systemic circulation separate from the eye. So they can prevent any substance, which comes in contact with it, from entering the systemic circulation.However the conjuctiva consists of large intercellular spaces and is highly vascularized and can allow the entry of certain chemicals and substances [@B012]. Moreover, these substances can enter via the nasolacrimal duct through the highly vascularized nasal mucosa and on to the systemic circulation [@B003]. Drugs which enter the systemic circulation through these paths evade the first pass metabolism and hence their concentration will be high in the plasma [@B013]. It has been reported that about 2% of the drug that is administered ocularly can be retained in the eye and the rest of the drug enters the systemic circulation through the above mentioned routes. Also, the cornea which is highly impenetrable to macromolecules due to the presence of tight junction can be breached under certain conditions like inflammation [@B014]. Hence when an eye is exposed to an eye irritant chemical, it can potentially cause inflammation and make the cornea leaky. This permits paracellular transport and entry into the systemic circulation. Hence this study focuses on the systemic effect of ocular irritant chemicals on prolonged or sub acute exposure to the eye.

For this study five known ocular irritant chemicals were chosen - CPC, SS, IMI, ACT and NIC. Numerous studies have shown the eye irritation potential of these chemicals [@B015]-[@B018].These chemicals were chosen so as to slightly infringe the corneal barriers and make it more permeable for the entry into systemic circulation. In the present study, the ability of these chemicals to induce inflammation in the eye, alter the haematological and biochemical parameters, affect the spleenocyte proliferation capacity and cause oxidative damage to the liver and brain was assessed.

All the chemicals showed typical draize score which categorized them from moderate to severe irritant. It was seen that CPC showed redness, odema and discharge on the second day of exposure. This is because CPC is a more potent irritant when compared to the other chemicals.All the other chemicals showed prominent signs of irritation from the 4th day onwards. To understand whether this trauma resulted in inflammation, histopathological analysis and pro-inflammatory cytokine analysis was carried out.

When inflammation occurs, the blood vessels become congested to supply more blood to the affected areas. This cause the redness and migration of the macrophages and neutrophils and fluid accumulation. From the histopathological analysis of the eye, it was clear that the chemicals could evoke inflammatory response. All these were evidenced by the macrophage/neutrophil infiltration, oedematous cornea and congested blood vessels. IMI, however, did not show significant signs of inflammation, when compared with the rest of the chemicals. This could be because of the anti-inflammatory properties of IMI [@B018]. CPC treated animals showed inflammation in the cornea and ciliary body whereas inflammation was restricted to the ciliary bodies in the other entire chemical (SS, ACT and NIC) treated eyes. Ciliary body is rich in blood vessels and any local inflammatory reaction can induce lymphocyte migration to the ciliary body. It has been reported that sensitized lymphocytes can reach and attack corneal endothelial cells through the ciliary body, iris and aqueous humor, and eventually lead to immune rejection of graft tissue. Five days after corneal transplantation, lymphocytes were detected in the limbus and pars plana and they gradually migrated to the cornea, iris and anterior chamber region [@B019]. Since the visual signs of inflammation (from draize score) suggest the late onset of inflammation in SS, ACT and NIC treated animals, this can be the reason for the presence of infiltrating cells in the ciliary body rather than cornea. In contrast, macrophage and neutrophil infiltration was evident in cornea as well as ciliary body of CPC treated animals. Signs of ocular irritation were seen in the initial days of exposure to CPC, giving time for the immune cells to migrate to the cornea too.

To confirm inflammatory response, ELISA assay for various pro-inflammatory cytokines (IL-1α, IL-1β, IL-8 and TNF-α) was carried out. IL-1α and IL-1β are constitutively produced by the keratocytes and corneal fibroblasts [@B020]. TNF-α is another pro-inflammatory cytokine. IL-1 and TNF-α act synergistically and govern the expression of cytokines like IL-6, IL-8 and so on [@B021]. IL-8 activates polymorphonuclear neutrophil and macrophages and causes their chemotaxis in the affected region [@B022],[@B023]. All the chemicals except IMI showed statistically significant increase in cytokine level as compared to control. Interestingly, reports suggest that IMI and their derivatives show antiinflammatory activity and cytokine (IL-1, TNF-α) suppressive activity [@B024]. Results from the current study reflect the same observation as well. Hence this might be the reason that no significant inflammatory response was evoked in IMI treated rabbits. These results suggest that all the chemicals except IMI were able to induce an inflammatory response in the eye.

Since these chemicals (except IMI) could cause inflammation, there is a greater chance for them to enter the systemic circulation through the leaky vasculature. The hematological parameters of blood were analyzed. There was no significant alteration when compared to control and did not show any abnormal WBC count or any variable platelet count. However there was a slight decrease in HB levels, but since it was within the normal range (9.4\~17.4 g/dL), it cannot be concluded that the animals became anemic after treatment. This discrepancy can be attributed to animal to animal variation. The biochemical parameters showed slight variation in AST levels and uric acid levels. Yet the slight increase in the AST levels was within normal range (55\~260 IU/L). The decrease in uric acid levels in the test when compared to the control indicates hypourecemia, which can be due to drug toxicity, dehydration and starvation or genetic disorder. However, the rest of the biochemical parameters (ALT, ALP, GGT, bilirubin, calcium, phosphorous, chlorides and creatinine) fell within the normal range suggesting normal liver and kidney functionality. Hence we cannot conclusively say that decrease in uric acid levels is an indication of toxicity. Further investigation is required for that.

Increase in DNA synthesis indicates the proliferating capacity of cells. Since spleen is a lymphoid organ, any foreign material that comes through the blood will come in contact with the spleen and cause immuno-modulatory effects. To study this, DNA synthesis was measured by uptake of tritiated thymidine. No stimulatory or inhibitory effect was observed as the thymidine level was comparable with control. This indicates that no particular immune response was evoked by the ocular irritant chemicals.

Liver and brain are two of the most vital organs. Liver is responsible for the detoxification of foreign substances and is susceptible to oxidative damage. Brain is the centre of the nervous system and is highly protected by the blood brain barrier (BBB). However, some chemicals can pass through the BBB and cause oxidative stress. Oxidative stress is believed to be involved in the pathogenesis of neuro degenerative diseases [@B025]. Hence it is important to understand if the ocular irritant chemicals are capable of causing oxidative stress. Assessing the status of various antioxidant enzyme and oxidative stress markers gives an idea of the extent of damage caused by the ocular irritant chemicals that can enter the systemic circulation. Oxidative stress is caused by the imbalance between production of reactive oxygen species (ROS) and their elimination by the antioxidant defense mechanism, which damages the important biomolecules and cells [@B026]. LPO is a common consequence of oxidative stress. The free radicals attack lipids and generate peroxyl radical and trigger a chain of reaction [@B027]. In this study, there was no marked difference in LPO when compared to control, suggesting that there was no oxidative damage to the lipid bi-layer membranes. To further confirm that there was no oxidative stress in liver and brain, concentration of GSH and activity of GR and GPx enzymes were estimated. GSH plays a central role in the cellular redox homeostasis.GSH is a tripeptide which gets oxidized to glutathione disulfide (GSSG) during oxidative stress by donating and electron to GPx [@B028]. GR is responsible for the recyling of GSSG back to GSH to maintain the balance [@B029],[@B030]. In the current study, there was a slight decrease in GSH concentration in the liver and brain, which was not significant. The activity of GR and GPx were also showing slight alterations, which was not relevant. This indicates further that the ocular irritant chemicals were unable to generate free radicals and cause excessive oxidative damage. SOD is another enzyme that aids is the dismutation of oxygen anions to H~2~O~2~ and molecular oxygen [@B026]. In the present study, it can be seen that the ocular irritant chemicals were not able to produce significant amount of super oxide free radicals in the liver and brain, as the activity of SOD enzyme did not show much variability when compared to control.

To sum it up, in this present study, known ocular irritant chemicals were exposed to rabbit cornea in order to assess the systemic side-effects of these chemicals. Inflammatory response in the eye was evident from histopathology and cytokine release profile. However, the hematological and biochemical parameters did not show any marked change. The replication capacities of spleenocytes were not compromised. Also, the ocular irritant chemicals, which entered the systemic circulation was incapable of doing much oxidative damage to the liver and brain. In conclusion, even though there are chances that a foreign chemical can enter the systemic circulation though the naso-lacirmal system or conjunctival blood vessels, it was not able to cause any significant side-effects in the present scenario. It was also found that the ability of the chemicals to induce inflammation did not aid further in causing systemic problems. However, further studies are required using a variety of other chemicals and higher doses to estimate the systemic problems caused when exposed to the eye. Also, the mechanism of eye irritation caused by IMI needs to be looked into further.
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